Abstract-A method is discussed for on-line measurements of parameters of a poweir distribution system and its associated load. Four parameters are measured: the complex impedances of the distribution system and the load for harmonic frequencies; the complex rms (crms) vralues .L of the harmonics of the load current j and the crms values of the harmonics of the distribution system voltage e. The measurements are performed on two states of the system before and after it is disturbed by either connecting to it a capacitor or a harmonic generating device. The results of physical measurements are compared with those calculated from a model.
I. INTRODUCTION concern regarding waveform distortion caused by non-
A linear loads increases the need to reduce harmonics in distribution systems. The performance of the harmonicsuppressing equipment depends, however, on the parameters of the distribution system and on those of the load. These parameters at the point where this equipment is installed are of a major importance [1]-[5] for compensator design. The measurement of these parameters is the subject of the paper.
It is assumed that the system tested is linear around the working point determined by the rated voltage. The discussion is confined, moreover, to single-phase systems. The equivalent circuit of the system and the load is shown for the n-th order harmonic in Fig. 1 . The parameter identification has to be performed at the working point, since the harmonic generating loads are nonlinear. It requires an "on-line measurement." A high power generator of a harmonic voltage [3] is usually needed for such a measurement. However, since harmonics are almost always present in distribution system voltages, it is possible [ 11 to use their presence for parameter identification. Use of a device that loads the system with a current with a dense harmonic spectrum to disturb the system is another alternative. The issue of whether or not an existing waveform distortion in a distribution system could be utilized for measuring its equivalenl parameters is the subject of the paper.
The results of such a measurement are compared with those obtained by disturbing the system with a harmonic generating device. 
FUNDAMENTALS
Considerations in the paper are confined to single-phase systems but could also be applied to three-phase systems that can be analyzed phase by phase. If the symbols U , and I , denote the complex rms (crms) values of the n-th order voltage and current harmonics, U , and i,, in the circuit shown in Fig. 1 , then, they can be related to the crms values E , of the supply voltage harmonics e, and the crms values J , of the load-generated current harmonics j , as follows:
The system state for the n-th order harmonic is determined by four parameters E,, J,, Z,,, and Yc,. These parameters should be understood to be equivalent parameters of a linear approximation of the supply source and the load around the working point. They cannot be calculated, however, since there are only two equations [(l) and (2)]. Measurements in two states of the system, perturbed with a disturbing device as shown in Fig. 1 All parameters in (3)-(6) are expressed in terms of increments of the voltage and current harmonic cnns values. Because of that, the following question occurs: "Can the accuracy of the measurement of U, and I , be sufficient at the present state of the digital signal processing to calculate the equivalent parameters with an acceptable accuracy?"
MEASUREMENT AND SIGNAL PROCESSING SYSTEM
The measurement and signal processing system (M & SPS) has been built with a microcomputer equipped with a 12-bit a/d conversion card with simultaneous sampling, signal isolating and conditioning circuits, antialiasing filters, and a synchronizing circuit. The M & SPS structure is shown in Fig. 2 . The input signals were filtered by switched capacitor (SC) low-pass, antialiasing filters with a common, crystal controlled clock with a cut-off frequency chosen to be fo = 1.7 kHz. To provide coherent sampling of 64 samples per period of the fundamental frequency, the a/d converter was triggered every second period. The samples were processed in the microcomputer with a 64-point FFT algorithm to calculate the crms values of the waveform harmonics. Resistive input circuits, symmetry of the isolation amplifiers and antialiasing filters in the voltage and current channels of the M & SPS made it possible to match their complex transmittances. Therefore, the calculated crms values have provided, with some error, the rms values of the voltage and current harmonics in the system tested and their relative phase shift. A signal record of one period duration, and a coherent sampling made it possible to process the signal almost in real-time, every second cycle, allowing one to observe the variability of the tested system parameters.
The power supply of a power electronics lab, equipped with a 150 kVA transformer, was considered aq the test system for experiments. The voltage was distorted by various nonlinear loads in the building of the Department, and possibly, also by the supply of the building. It was verified that the system tested was nonvarying, even for observation intervals of a few minutes.
IV. CALCULATION ERRORS
The circuit parameters are expressed in the approach discussed as ratios of increments (U, -( I , -I ; ) , and (U& -U;In), calculated from measurement data in two slightly different states o f the system. The crms values of the voltage and current harmonics U , and I , in these two states are usually very close to one another, so that the increments are measured with a reduced systematic error but with a doubled random error. These two errors, referred to as a 'calculation error,' affect the accuracy of the system parameters.
Dropping the n-subscript for simplicity, the crms values of the voltage and current harmonics are denoted by U and I and respectively, the admittance and impedance are denoted by Y, and 2,.
Let us denote the calculated value of the voltage n-th order harmonic increment by AU. It differs from the true value of this increment U -U' by a systematic error tu and a random error pu, i.e.
where tu and pu are complex numbers. Similarly, for the n-th order current harmonic increment (8) where A I denotes the calculated value of this increment, obtained with systematic and random errors, Et and pz. As a consequence, the source impedance 2, differs from the measured value
by the error E , , i.e. For a large number of repeated measurements, the expected value of the resultant random error is usually calculated as the mean square value of the individual errors. Only two measurements with random errors pu and p?., are used. however, for the impedance calculation in the situation considered. Therefore, these errors may magnify the random component of the impedance determination. Equation (1 1) represents the worst case situation.
By analogy, the load admittance Y , differs from the measured value Y,. = AI,/AU, by an error EY
with the magnitude limited by
This formula provides, similarly as (1 l), the worst case error.
The crms values of the internal voltage harmonics o f the distribution system are, according to (lo), equal to
since, according to (7) This formula is valid under the assumption that the rms values of harmonics are much lower than those of the fundamental, which is true in the situation considered. Also, a truncation error caused by the computer is neglected. At a standard precision of real numbers in the Matlab/Simulink program, its value is lower by a few orders than that caused by the random value of the lowest bit of the a/d converter. Due to weighted additions during DFT calculations, the spectrum noise is Gaussian for any type of noise in the time domain, i.e., the uniformly distributed a/d conversion noise. This allows us to treat equally all components of the random noise which occur in the tested and measurement systems, independently of their source and properties. The standard deviation of random errors for a 12-bit a/d converter, 64-point FFT which reduces the standard deviation according to (18) by 18 dB, and a full conversion range amounts to -83 dB with respect to the fundamental harmonic rms value assumed to be 0 dB. This error results from the random value of the lowest bit of the and Ea, which cannot be reduced by repeated measurement. 2) Random errors pu and pz caused by noise in the tested system and in the measurement system. Under the condition that the system is unchanged, these errors can be reduced relatively easily by repeating the measurement. 3) Total errors that occur when measuring the crms values U , and I,. The effect of total errors of the crms values U , and I , me,asurement on the accuracy of E , and J , calculation depends, according to (16) and (17), on the supply impedance and the load admittance. The measurement noise comes from the tested system itself, as well as from the signal conditioning circuits, the isolation amplifiers, and the SC antialiasing filters. It also contains the quantization noise of the a/d converter.
The time-domain noise is transformed to a harmonic spectrum according to P,arseval's theorem. Namely, if 0 denotes the standard deviation of the input signal noise with zero mean value, and N is the number of DFT samples, then due to a uniform distribution of the noise energy over all spectral components. the rms values of the signal harmonics are calculated with a random error of the standard deviation os, equal to three types of measurement errors. Random errors in physical experiments were estimated to be of the order of -60 dB, mainly due to the noise in the system tested. Fortunately, this error can be reduced by repeating measurements and averaging the results until the required signalhoise ratio is obtained, at the cost, however, of increased measurement time.
Isolation amplifiers and antialiasing SC filters are the main sources of nonlinearity in the M & SPS. This nonlinearity results in the generation of harmonics of unpredictable value. Consequently, these harmonics affect the accuracy of the rms value measurements, but they are difficult to describe and even to simulate. The standard nonlinearity of an isolation amplifier of order of 0.01-0.02% is equivalent to the spuriousfree dynamic range (SFDR) of -100 dB, while integrated analog and switched capacitor filters generate harmonics at a level of the order of -70 dB, so that the filter appears to be the most distorting element of the signal conditioning circuit.
VI. SYSTEM DISTURBANCE
The increments Au, and AI, in the crms value of the voltage and current harmonics can be obtained by changing the state of the system with a disturbing device. Obtaining sufficient magnitudes of these increments is the main difficulty in an on-line measurement of the system parameters. This is important, since according to (11) A capacitor can be used as a disturbing device, since its admittance increases with harmonic order. Thus, disturbances are stronger for higher harmonics than for the fundamental. Since the impedance of distribution systems is usually inductive, the change in the admittance as observed from the distribution system can be magnified by a series resonance, while the change in admittance as observed from the load terminals can be magnified by a parallel resonance. The difference between the effects of disturbing the tested system (R, = 0.10, L , = 50 pH) with resistance R = 2 0 and with capacitance C = 210 pF, is illustrated in Fig. 3 , where the admittances as seen from the distribution system and from the load are plotted versus relative frequency f / f l , with f l = 60 Hz. Disturbing the tested system with a capacitor made it possible to obtain the voltage increment AU, in the vicinity of a resonance frequency approximately SO times higher than increments obtained with a resistive device. The resonance frequency can be moved, moreover, by changing capacitance, to a frequency band where the measurement accuracy should be improved. Thus, disturbing the tested system with a capacitor increases the accuracy of the parameter identification substantially. A capacitor bank installed for the power factor improvement could be applied for that purpose. Switching a capacitor results in transients, however. Thus, a sufficiently long time delay is required for the measurement. To eliminate transients at repeated disturbances, a fast power electronic switch was used. It switched the capacitor ON when the instantaneous value of the supply voltage was equal to the capacitor voltage, and it switched the capacitor OFF at its current zero value.
By repeating the measurement for a sufficiently long time, the random error p can be reduced below the systematic error E. At a low harmonic content, this error may still be too high to enable parameter identification with an acceptable accuracy. A source of harmonic distortion is needed in the circuit in such a case to increase this accuracy.
A thyristor switch connected across the load terminals was used as a source of harmonic currents. One of two thyristors was fired every half cycle, just before voltage zero-crossing, producing narrow current spikes of 0.25 ms duration and the value limited by a small resistance. These current spikes result in a minor voltage distortion in the range of the zero crossing, not harmful for the load performance, but with harmonics sufficient for the parameter identification. This disturbing Results of identification of distribution system voltage harmonic crms device is referred to as the "harmonic generating device", or HG device in this paper.
VII. COMPUTER SIMULATION
The method discussed was verified with a computer model of the system under test, along with the disturbing circuit and the M & SPS. The Matlab/Simulab simulation program was used for that purpose.
To verify the method discussed, it was applied to a distribution system and a load with known parameters: L,? = SO pH, R, = 100 mR, G, = 100 mS, and B, = 0, which were also used in the computer model. Harmonics of the supply voltage in the computer model were assumed to have rms values as observed in the lab at the open terminals of the supply, with the fundamental El = 120 V. The load generated current j was set to zero.
The structure of the tested system, its parameters, and waveform distortion were modeled along with the structure and parameters of the M & SPS. The parameters of the M & SPS and its nonlinearity were set up as close as possible to the catalog data and measured values. A uniform distribution noise, equivalent to a 12-bit ald conversion was added to the samples obtained with coherent sampling of the signals modeled, proportional to the voltage and currents at cross sections xx and yy. Figs. 4-6 show the results of the identification with a 210 pF disturbing capacitor and the HG device. These figures show the results only for the odd-order harmonics since only odd harmonics were generated by the HG device. Fig. 4 shows the results of five simulations of the measurement of the crms value E,. The rms values E, calculated for a capacitive disturbance are marked with ''2'' and their phase with "0." The results obtained for the system disturbed with the HG device are connected with lines.
It can be seen from Fig. 4 , that both methods provide almost the same results for harmonic content up to -70 dB (0.03%). HG device now provides results superior to those obtained with a capacitive disturbance. Observe, however, that the test was performed at very low voltage distortion of the order of 0.6%. For example, the values of impedance 2, calculated for the 23rd harmonic under capacitive disturbance are widely scattered, they were obtained, however, with a content of only 0.01% of this harmonic in the supply voltage.
Though the results shown in Figs. 4-6, are more scattered for the capacitive disturbance than for the disturbance with the HG device, it does not mean that such a disturbance is inferior as compared with that using the HG device. Harmonic filters are installed in systems with waveform distortion much higher than the distortion assumed for the computer simulation. Therefore, when system parameters are needed for a harmonic filter design, then due to the higher distortion, the measurement accuracy at the capacitive disturbance would increase substantially. It is worth observing, that due to a resonance amplification of the harmonic content by the capacitive disturbance, the measurement accuracy remains approximately at the ;same level, despite, as can be seen from Fig. 6 , the harmonic content declining with the frequency.
Simulating the measurement of the load generated current harmonics crms values J,, it was found that at the load current rms value of 12 A, the highest error magnitude at a capacitive disturbance was of the order of 15 mA, i.e., 0.12%. Disturbing the system with an HG device reduces this error approximately by a factor of three. These results indicate that parameters of even weakly polluted systems could be identified with a capacitive disturbance. Identification is more reliable, however, if the tested system is disturbed by an HG device. Error of the load generated harmonic currents crms value J ,
VIII. PHYSICAL EXPERIMENT
Physical experiments were performed at the supply of a power electronics lab in the department building with a 150 kVA, three-phase transformer. The noise in the system tested and also in the signal conditioning circuits dramatically reduces the identification accuracy as compared with that obtained from the computer model described in the previous Section. It appears, that such single period records in a physical experiment provide a voltage harmonic crms value identification with approximately 30 times less accuracy, which is equivalent to that obtained from simulation with only a 7-bit a/d conversion. The random components pu and pI of the measurement errors are responsible for this. On the condition that the system tested is unchanged, the accuracy can be enhanced by averaging the results obtained by repeated measurements. According to (IS), the test has to be repeated approximately 900 times to decrease the random error to its level at a simulation with a 12-bit a/d converter. Results of impedance measurement at the lab supply for signal 15th and the 27th order harmonics is only apparent since it is calculated as '&mod ( 2~) ' . There were no sources of harmonic currents of substantial power in the lab, so that, the results of the crms value J n measurement, as shown in Fig. 8 , provide directly the error in its measurement. The measurement was performed at 16 A load current. Thus, even with the capacitive disturbance the relative error is of the order of only 0.5%. When disturbing with the HG device the accuracy is approximately 10 times higher. The accuracy of the source impedance and the load admittance measurement at harmonic levels of the order 0.3% and the records of 15 s duration was substantially lower compared with simulation. This is visible in Fig. 9 for the load impedance measurement, based on 500 repetitions. Longer records are needed to increase the accuracy. This is demonstrated in Fig. 10 which shows the results of the supply source impedance identification using ten times longer signal records. At such long signal records the question could be asked whether the system is sufficiently unchanged for that. Variability of the voltage distortion, is usually high. This distortion changes with a change of all distant harmonic generating loads in the distribution system. The distribution system impedance is not, however, a rapidly varying parameter.
IX. CONCLUSIONS
Computer modeling and physical measurements discussed in the paper show that it is possible to determine the equivalent circuit parameters for harmonic frequencies at the junction of a distribution system and the load by on-line measurements power electronic switch that can enable multiple switching without harmful transients. If this is not possible, a harmonic generating device is needed. At presently available thyristor ratings, such a device with a peak power of several MVA could easily be built using a single thyristor. High resolution in the a/d conversion is not particularly important. Much more important is a low level of nonlinear distortion in the signal conditioning circuits and a low level of noise. The level of the system disturbance is critical for the measurement accuracy. This level is a matter of a trade off between the level that could be tolerated by a customer and that required to obtain the needed measurement accuracy. It was demonstrated that it is possible to disturb the system to a level that enables parameter identification without annoying side effects.
